This work provides the finding of aggregation-induced circular dichroism (AICD), optical properties and helical assemblies of p-p conjugated molecule hexaphenylsilole (HPS). As an achiral molecule, HPS was found to exhibit unusual AICD and circular polarized luminescence (CPL). Upon aggregation, it selfassembled into fluorescent helical nanofiber and nanotubes. Theoretical modeling suggests that van der Waals interaction between HPS monomers plays an essential role in the formation of helical nanofibers. These kinds of molecules have important applications given the increasing demand of miniaturized optics and electronic devices.
Introduction
Helical assemblies are the critical level of the hierarchical architectures of molecules, which bridge the elementary building blocks and macromolecular properties of molecules.
1
Helical assemblies play a pivotal role in determining the optical properties of the molecules. To form helical assemblies, chiral centers are usually necessary in the chemical structure of the molecules to induce an asymmetric arrangement of the molecules, which is further amplied on the higher level of architectures as supramolecular helical assemblies.
2 Besides the chiral center induced helical assemblies, mixing achiral molecules with chiral additives, solvent or metal ions can also help to induce the formation of helical assemblies.
3 The addition of chiral additives may also guide the achiral molecules to form helical assemblies by obeying a sergeant-solider rule; while metal ions induce achiral amphiphilic molecules to give helical assemblies by forming coordination complexes. External physical stimuli can also help to induce the formation of chiral assemblies. Such stimuli include the control of the interfacial tension of molecules at air-water interface with LangmuirBlodgett method, 4 tuning the stirring directions of the solution and irradiating molecules with circular polarized light.
5
Apart from the inherent and induced helical assemblies, there is also a special kind of helical assemblies formed by achiral p-conjugated molecules that their helical selfassemblies are formed by the asymmetric packing of achiral building blocks without incorporating chiral additives or external stimuli.
6 The helical supramolecular assemblies of pconjugated molecules are of great importance in the rational design of nanodevices and optical systems.
7 Helical assemblies from non-chiral p-conjugated molecules represent an important aspect of chiral induction. Understanding the underlying principles of the assembly can help to broaden our knowledge about the formation of helical assembly from achiral molecules.
Hexaphenylsilole (HPS) has high electron acceptability, fast electron mobility and is an ideal material for electrontransporting, light emitting layers and eld effect transistors.
8
Compared with other kind of uorescent molecules, HPS has signicant AIE property and their uorescence emission becomes several hundred time enhanced upon aggregation.
9
This privilege has made this kind of molecule an ideal material for chemical sensors and electronic devices at lm state. As revealed by the crystal structure of HPS, each silole core is decorated with six phenyl rings though single bonds. HPS molecule takes a propeller-like conformation due to the torsion between the peripheral phenyl rings and the silole plane. The peripheral phenyl rings at the ring carbons are all arranged either in a clockwise or anticlockwise manner.
10 Thus HPS molecules are believed to have equal chance of both handedness and the chirality of HPS molecules is then cancelled by their opposite handedness in solution. Because of this view, the self-assembling behavior of HPS has been unnoticed ever since its synthesis and optical property were reported. Chiral HPS derivatives are then designed by deliberately introducing chiral attachment to the phenyl rings of silole backbone.
11 Recently, we found that achiral p-conjugated molecule HPS can self-assemble into helical assemblies without incorporating chiral centers or adding chiral additives to the molecules. Upon aggregation, HPS selfassembles into helical bers with hollow internalities which have uorescence, CD and CPL properties. Theoretical modeling suggests that HPS molecules rst aggregate into dimer blocks and different dimer blocks are further packed into helical assemblies. In the helical assemblies, inter-molecular van der Waals interaction plays an important role in the formation of dimer blocks and stable packing between neighboring blocks. In contrast to the dominant research on the AIE properties of HPS and its derivatives, 12 their helical assemblies and CPL properties are unnoticed. The discovery of the helical assemblies formed by HPS will undoubtedly update and richen the already unique optical activities of this novel molecule (Scheme 1).
Experimental section

Materials
HPS and its derivative HPS-MR were synthesized by ring-closing reactions of 1,4-dilithio-2,3,4,5-tetraphenyl-1,3-butadiene with dichlorodiphenylsilane as reported previously.
9 All the reagents were purchased from Aldrich and used without further purication.
Instrumental analysis UV-vis spectra. A stock THF solution of 10 À4 M HPS and HPS-MR was prepared for UV measurement, respectively. Film samples were prepared by casting 100 mL THF solution of HPS with the concentration of 10 À3 M to a quartz slide and allowed to evaporate under ambient condition. All the UV-vis measurements were carried out with a UV-2600 spectrometer (Shimadzu, Japan). Circular dichroism (CD) measurement. Film samples for CD measurements were prepared by dropping 100 mL THF solution of HPS and HPS-MR with the concentration of 10 À4 M on clean quartz slide, respectively. CD spectra were recorded on a Chirascan spectrometer (Applied Photophysics, England).
Circularly polarized luminescence (CPL) measurement. Film samples were prepared by casting 100 mL THF solution of HPS with the concentration of 10 À3 M to a quartz slide and allowed to evaporate under ambient condition. CPL spectra of the lms were recorded at 50 nm min À1 scan speed with a commercialized instrument JASCO CPL-200 at room temperature with the resolution of 15 nm. Atomic force microscope (AFM) measurement. AFM samples were prepared by dropping a droplet of 5 mL THF solution of HPS with the concentration of 10 À5 M to the surface of newly cleaved mica under ambient conditions. Aer 5 min of incubation, the sample was dried with nitrogen gas. Images were collected with a Bruker Multimode-VIII AFM (Bruker, U. S. A.) operating in tapping mode or ScanAsyst mode.
Transmission electron microscope (TEM) measurement. A stock THF solution of 10
À4 M HPS and HPS-MR was prepared.
Aliquots of the stock solution were transferred to 10 mL volumetric asks. Aer appropriate amounts of THF were added, distilled water was added dropwise with vigorous stirring to yield 10 À5 M solutions with different water fractions. TEM samples were prepared by dropping a droplet of 5 mL the above solution with different contents of water to the copper mesh coated with carbon lms under ambient conditions. Aer evaporation naturally, the samples were examined by Tecnai G 2 Spirit TEM at an accelerating voltage of 120 kV.
Theoretical modeling. The modeling of the assembly process contains two parts: molecular dynamics simulation of the conformations and identication of the packing manners of HPS molecules. The rst part is performed with GROMACS package (version 4.6.5). The second part including the algorithm development and code implementation are all conducted by Luming Meng.
Results and discussion
UV-vis and CD spectra
The optical properties of HPS are studied with UV-vis and CD spectrometer in solution and at lm state as well. As shown in Fig. 1 , HPS exhibits two absorption peaks at $250 nm and $360 nm in solution and at lm state corresponding to the phenyl groups connecting to silicon atom and silacyclopentadiene rings, respectively. The absorption of the lm has a slight red shi compared with that in solution, suggesting that aggregation might be formed. HPS shows no CD signals in its THF solutions, but has obvious absorption of its cast lm, as given in Fig. 1B . The cast lm showed bisignate Cotton effect between the wavelength of 300 nm and 450 nm, implying that helical conformation has been induced in the aggregation state Scheme 1 Chemical structure of HPS.
of the molecules, suggesting that HPS has AICD property.
13
Similar AICD effect was also found for the achiral HPS derivative bearing two methyl groups connected to silicone atom (HPS-MR) at lm state (in Fig. S1 †) , indicating that the AICD is typical for these kinds of achiral molecules at aggregation state.
As known from the crystal structures of HPS, the phenyl groups of each HPS molecule are arranged all in clockwise or anti-clockwise manner in the crystalline state. Molecules with these two manners of rotation will largely counterpart with the handedness of each other in solution, therefore giving no CD absorption. While in the cast lm, the molecules are in aggregation state and their arrangements are not completely random. The molecules tend to have their phenyl rings show the same rotation direction in order for a maximum intermolecular interaction, namely the van der Waals interactions between neighboring phenyl rings. Thus it leads to a dominant clockwise or anti-clockwise arrangement, corresponding to the obvious CD absorption. The CD absorption of HPS is similar to that of the chiral HPS derivatives carrying chiral attachments, that is they only show AICD effect at lm state. It suggests that the aggregation of HPS and its chiral derivatives are pivotal for the AICD effect.
Circularly polarized luminescence
Traditional luminescent molecules usually aggregate in a face to face manner and it is the main reason for aggregation caused quenching (ACQ) phenomenon.
14 While for HPS molecules, the neighboring phenyl rings are highly twisted in a propeller conformation due to their steric repulsion and the molecules are thus prevented from aggregation in a face to face manner, thus inhibiting the ACQ effect and generating AIE property. As the AIE property of HPS has already been well explored, here we mainly focus on other aggregation related optical property of the molecules. Generally molecules having both AICD absorption and luminescence may also have CPL property. CPL is the anisotropic emission of circularly polarized light from chiral molecular systems, and it provides specic information about the chirality of the luminogens of the molecules.
15 The performance of CPL-active materials is generally evaluated by the emission dissymmetry factor (g em ), which is dened as g em ¼ 2(I L À I R )/(I L + I R ), where I L and I R denotes the emission intensities of le-and right-handed circularly polarized light, respectively.
HPS possessing both AICD and AIE characteristics, is anticipated to possess CPL property. 16 The CPL behavior of HPS is then studied both in solution and at the lm state. As shown in Fig. 2 , the solid lm of HPS formed upon the evaporation of its THF solution gives negative CPL signal from 475 to 600 nm, while the solution generated no obvious CPL signal. The emission dissymmetry factor of the lm, g em , is in the range from 0.001 to À0.0125 and reaches the maximum À0.0125 at the wavelength of 550 nm. While the HPS derivative HPS-MR is silent in CPL spectra both in solution and at lm state (the data is not shown), suggesting that the phenyl groups connected to silicon are critical for the optical property of the molecule and when they are replaced by two methyl groups considerable inuence on the CPL property is observed. To deliberately construct CPL bearing HPS-MR aggregates, chiral attachments need to be introduced to the AIE scaffold.
11 Compared with reported CPL-active materials with chiral attachments, the g em of HPS is pretty high. Considering HPS does not need to suffer from ACQ effect, it is a promising CPL material.
Helical assemblies
CD spectra have revealed that HPS has AICD at lm state. It is well-known that molecules with AICD usually forms helical aggregates. 17 We then turned to AFM to explore the aggregates formed by HPS. We rst studied the assembled structures formed by HPS upon the evaporation of its THF solution. Particles (not provided) are formed which are similar to what have been detected in acetone solution with nano particle analyzer previously.
18 Helical bers with le-handedness were also formed by HPS, as shown in Fig. 3A . The bers were arranged in an extended way and thinner bers further intertwine to form suprahelical bers, which still retained le-handedness. Because of the different levels of helical rotation, the helical bers have a broad distribution of width and helical pitches. The formation of helical bers corresponds well with the CD spectra, conrming that helical conformation has been Fig. 1 The UV-vis absorption spectra (A) and CD spectra (B) of HPS in its THF solution (concentration: 10 À4 M) and at cast film states.
successfully amplied on the higher order architectures of HPS. The aggregation of HPS in the presence of different fractions of the poor solvent was also studied. As shown in Fig. 3B -D, helical assemblies are still formed upon the addition of poor solvent. Le-handed helical bers can still be observed. Besides helical bers, lms were also formed which are jointed with the bers. The combined ribbons which tend to curl into bers are also found as shown with white arrows in Fig. 3D , suggesting that the helical bers were formed by curling of the thin lms.
In order to explore the internal structure and assembling behavior of the helical bers of HPS, we employed TEM to study the morphology of these bers. It can be seen clearly that HPS self-assembled into ribbon-like le-handedness helical nanobers having the length of several micrometers, which also have different degree of distortion upon the evaporation of THF/H 2 O Fig. 3 AFM images of the self-assembled helical fibers formed by HPS on the evaporation of its different THF-water solution. The water content is 0% (A), 50% (B), 80% (C) and 90% (D), respectively, concentration: 10 mM, ribbons curled into fibers most significant at the area labeled with white arrows (D). (1/4, v/v) mixture, as shown in Fig. 4A . Along with them, tubular morphology was also formed with the widths ranging from 20 to 50 nm. The TEM images are consistent with AFM images and the hollow internalities of the bers suggested that these helical bers are formed by the curling of lms.
Modeling the packing of amorphous HPS aggregates
We have studied the mechanism of aggregation process of HPS by AFM and TEM and revealed some important characteristics of the aggregates, such as the width and the period of the helical ber. However, detailed process of the helical bers still remains elusive due to the experimental limit. So we further perform computational calculation to model the architecture of aggregated bers to provide more information about the underlying principle of the chiral assembly.
AFM and TEM results have provided signicant clues for understanding the formation of the ber structure. The geometric characteristics are mostly preserved among different segments of bers from the experimental observation. This provides evidence of the existence of periodic architecture and repeated units in HPS aggregates. GROMACS package (version 4.6.5) was adopted to perform MD simulation to sample the conformations.
19 Generally, the periodicity can be described by two types of components: translocation and rotation. In our modeled system, the orientation changes between neighboring units should be small, otherwise the size of ber width will not reach up to as long as 50 nanometers (for example, if the rotation angle is 10 and the size of each unit is 1 nm and the estimated diameter of ber width will be smaller than 12 nm). Thus one simple approximation is made that the periodicity existing in HPS aggregates, which can be mostly described by translocation. Finally, the total energy of the system should be optimized to maintain the stability of the aggregates. Combing these analysis together, we envisage that HPS bers are consisted of identical units that are packed together mostly with translocation with low energy. Considering the inversion symmetry between two HPS molecules in one lattice cell in crystal structure, we take the same symmetric property in the modeling process. Finally, we propose a work ow for the modeling of HPS bers, which is summarized into four steps, as shown in Fig Fig. S4 . † With the proposed work ow, we identied thousands of packing modes with different HPS conformations and chose the one with the lowest energy as the nal result (see Fig. S4 for details †). In this result, two HPS molecules are anti-parallel placed to form a basic unit (Fig. 6A) . Multiple units are further packed together to form a periodic pattern with specied lattice parameter (a ¼ 9.9Å, b ¼ 11.3Å, c ¼ 15.2Å, a ¼ 90.3 , b ¼ 84.6 , g ¼ 71.
2 ) for each unit. With more molecules joining the packing, molecular layers are formed ( Fig. 6B and  C) . The central symmetric arrangement of the dimmers in each unit cell will lead to the tilting of the molecular layers. The tilting will be amplied with more molecules in the packing, which are then followed by the wrapping up of the layers on a much larger scale. Fully wrapping up of the layers (Fig. 6C) gives the morphology of helical tubes, while partially wrapping up of the layers lead to the morphology of helical bers or ribbons. Through the calculation, it is found that van der Waals interaction between the phenyl groups mainly contributes to the formation of the packing unit and packing mode.
Conclusion
We have provided the nding of the supramolecular chirality from achiral AIE molecule HPS. HPS was found to show exceptional AICD and CPL property in the aggregation state. Upon evaporation, it self-assembled into uorescent helical nanober and nanotubes. Theoretical modeling suggests that van der Waals interaction between HPS is mainly responsible for the chiral assembly.
